Absbact Based on the classical relativistic electrodynamics and taking account of the acceleration mechanism driven by the longitudinal electric field mmponent, this paper indicates with both analytical and numerical calculation approaches that no noticeable energy exchange on occur in a vacuum bdween a charged particle and focused laser teams or laser pulses if the interaction length is unlimited.
hboductioo
The acceleration of charged particles by the use of the intense field of laser beams has attracted much attention recently. Powerful focused laser beams, using modem technology, can produce electric fields several orders of magnitude higher than in conventional Linacs. A wide variety of laser-based accelerator schemes have been amply discussed [ 1-61, Some of those have made noticeable progress, and are already in the phase of experimental proof of principle. In an interesting recent paper [7] , a new scheme of particle acceleration by the longitudinal field in two superposed laser beams propagating in vacuum is proposed. Figure 1 illustrates the suggested arrangement. Two laser beams with identical frequency symmetrically converge onto the z-axis at an angle Bo to form a crossing region. A charged particle, which is initially relativistic, is assumed to move right along the z-axis and pass through the crossing region. By assuming the two laser fields to be plane waves, infinite in extent in the direction of propagation and sharply delimited in the transverse direction, the author reached the result that the particle could get a noticeable net acceleration.
We address the proposal of [7], because it involves a major matter of principle. The problem is whether or not it is possible to get noticeable net energy gain as a charged particle passes through a focused laser beam in free space. This is the major objective of the present investigation. Here, the term 'free space' implies that the particle-wave interaction takes place in a space which is far away from any source of field such as media or external static electric or magnetic fields, and the interaction length is unlimited. In short, it is in a sufficiently large empty space. Also, the particle wave interaction concerned here is what might lead to noticeable particle energy changes of the order of millions of single photon energies, i.e. so-called particle acceleration in the commonly practical sense. Thus those mechanisms such as the Compton scattering, which might spread a monoenergetic particle beam and cause tiny net energy exchange with an electron, are not concerned in the present study. Our conclusion is negative. It means that as a particle passes through a focused light beam field propagating in free space, there is no noticeable net energy exchange between the particle and the field, unless the interaction is abruptly terminated and the particle removed from the field zone. However, any method capable of the latter job will violate the condition of 'free space'.
A laser field may accelerate particles by two different mechanisms. One is to accelerate the particles by the longitudinal component of the laser electric field, which is parallel to the direction the particle moves in. In the other mechanism, the transverse electric field of light gives the particle transverse velocity, and then the V x B force from the magnetic field causes longitudinal acceleration. The latter is often called the ponderomotive force. In this work, we restrict ourself to studying the former mechanism, and leave discussions on the latter mechanism to a second paper, which is simpler than the present case. In the field configuration given by figure I , the transverse electric field and magnetic field vanish in the yz-plane. A particle moving along the z-axis feels only the longitudinal electric field. Therefore this example is appropriate to the present study.
In this paper we use classical relativisitic electrodynamics to investigate the above problem with two different approaches of numerical and analytic calculations to prove our conclusion. For simplicity, in these calculations the radiation loss has been dropped.
In section 2, the formalism to describe the light beam field is presented. The critical point in this formalism is that the beam field satisfies Maxwell's equation in vacuum, so that it may be expressed as a sum of plane waves travelling in slightly different directions. Also, the structure of the combined beam fields which is appropriate to study the particle-wave interaction is given. In section 3, we use both numerical and analytic calculations to solve the particle dynamic equation and study the particle energy variation in the beam field. Of those studies, the analytic approach does not refer to many specific field parameters. Section 4 contains a brief summary and a few comments on the work in [17].
Formalism of laser beam field
We study the field configuration consisting of two laser beams propagating in vacuum, as shown in figure 1. For simplicity, it is assumed that the two waves are uniform in they direction, linearly polarized with the electric fields lying in the x-z plane and the magnetic fields in they direction. The two waves are of the same amplitude and circular frequency mo=k,,c, c is the light velocity in vacuum. 
Et=2Eoi
These results indicate that in the y-z plane, there is only the longitudinal electric field. Next, we address the question of the angular spectrum. First, we examine the Gaussian-shaped angular spectrum
where d is a measure of beam width. The broken curve in figure 2 shows the field amplitude given by equation (12) and (10) as a function of distance along the z-axis in the configuration of figure 1 with the parameters k&=60 and Oo=0.2.
In the present work, the following rectangular distribution function is adopted for the angular spectrum as we carry out numerical calculations, where 8, = a/2kod. Thus combined electric field might be explicitly given by 2Eokod .
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In figure 2 , the full curve exhibits the field distribution given by equation (14). Obviously, both the angular spectra represent light fields with good beam characterization, where the particle-wave interactions take place in limited space regions. 3. Analysis' of particle dynamics is the particle phase with respect to the radiative wave. Recalling p=( I/c)(dz/df) and integrating equation (15) numerically with respect to a specific set of parameters, it is possible to find the particle instantaneous locations as a function of time, from which the particle energy variation with time or distance moved is obtained. The full curves in figures 3 and 4 show the calculated electron energies as a function of the distance travelled along the trajectory. In these calculations, the angular spectrnm adopted is that ofequation (13), theelectron initial energy is taken to be yo=316.2 (&=0.999995), 2Aoq0/(m0e)=0.6, &d= 104, Oo=0.02. In figure 3 , the initial phase is taken to be yo= z, the electron is mainly accelerated in the crossing region I, and then gradually loses the gained energy. Figure 4 is for yo=O, the electron is first decelerated in the region 1, and then slowly returns to its initial energy. It can be seen from these figures that depending on the initial phase, the electron may undergo acceleration or deceleration in the region I. However, in any case, the net energy gain is zero, provided we compare Figure 4 . The same as in figure 3 , but for vo=O.
the electron initial energy and final energy at locations far away from the interaction zone. Now we proceed with analytic calculations to solve equation (15). The advantage of this approach is that the problem can be solved without referring to any specific parameter values. Of course, in these circumstances we have to adopt some approximations in the calculations so the dynamic equation can be solved analytically. Born approximation. It is assumed that as one calculates the phase slippage of a moving particle in the wave, the electron velocity may be taken to be uniform. Then, one gets from equation (17) It can be seen from equation (20) that the electron looks as if it were moving in a potential field. Its energy is determined by the field strength at the instantaneous location. Assume that t=O and t = to correspond to the electron initial and find states, i.e. the states before and after transitting the interaction zone, respectively. Since the fields vanish at those two locations, we have Equation (22) demonstrates that there is no net energy exchange between the particle and the beam field.
Equal oblique-angle approximation. Integration of (24) gives
In a way similar to the discussion on (22). we have reached the same conclusion that the net energy gain is zero. In figure 3 , the full curve with squares and the full curve with circles denote the energy variations of electron as it passes through the interaction region under the Born approximation and the equal oblique-angle approximation, respectively. These results are obtained by numerically calculating equations (20) and (24).
Summary and discussion
Collecting our main results, we have the following.
(i) In terms of both the numerical and analytical calculations, it has been verified that the coupling of focused laser beams to a free charged particle in vacuum can not give rise to noticeable net acceleration over an unlimited interaction length. In these calculations, only the acceleration mechanism driven by the laser longitudinal electric field has been taken into account. This component is parallel to the moving direction of the pa&cle. If the particle beam obliquely intersects the focused laser beam, the particle energy before it enters the interaction region would be equal to that after it transits the region. In the case that the particle co-moves with the laser beam, the particle energy depends sinusoidaly on the phase, and the particle would undergo alternative acceleration and deceleration.
(ii) The above result may be straightforwardly extended to the situation where a laser pulse passes through a charged particle. In the rest frame of the particle which transits a laser beam, the laser field experienced by the particle looks like a laser pulse.
Thus we reach the interesting result that there should be no net energy exchange as a laser pulse passes through a charged particle in vacuum. This conclusion is important in the x-ray laser schemes where the electron-ion recombination cross section is critically dependent on the electron residual kinetic energy in rare plasma as atoms are ionized by intense laser pulses.
(iii) A few more comments may be made concerning the proposal of [7] . The principal error in that work is that its study was based on an artificial field rather than a Maxwellian field. The author incorrectly assumed the field for each beam to be a plane wave, infinite in extent in the direction of propagation, but sharply delimited in intensity in the transverse direction. Obviously, this assumed field did not satisfy Maxwell's equation, resulting in an incorrect result. 
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